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Abstract

Bovington Camp has been a main training area for armoured vehicles since 1916. Over the years, this has resulted in
the erosion and mobilisation of soil particles into watercourses draining the area. Sediment-rich water from a main
tributary, the Bovington Stream, discolours the River Frome during high flows. Regulatory agencies and angling groups
were concerned that the quality of the river was being affected by run-off from the military ranges. Macroinvertebrate
communities were studied between 1998 and 2016 at two sites on the Bovington Stream above and below a sediment
trapping pond and two sites on the River Frome above and below the confluence. Samples were collected in Spring and
Autumn and ecological quality was assessed using the River Invertebrate Classification Tool (RICT). There were marked
increases in the ecological quality of the Bovington sites over time with most change occurring in the period 1998 to
2004. The two Frome sites were consistently classed as high quality throughout the study period. Increases in taxon rich-
ness between 1998-2004 and 2011-2016 were significant in the Bovington Stream but no change was observed in the
River Frome. Faunal abundance at all sites fluctuated but there were no significant trends. The Combined Fine Sediment
Index (CoFSl), assesses the impact of fine sediment pressure on the macroinvertebrate community. Low CoFSl scores were
recorded in the early years of the study (1998-2000) at both Bovington sites but showed a steady increase until around
2010-2011, suggesting a degree of improvement/recovery from fine sediment pressure. No similar changes in CoFSlI
scores occurred in the River Frome. In the absence of any major disturbances in the Bovington catchment other than
sediment remediation we conclude that the observed ‘improvements’in the Bovington Stream are in large part due to
the sediment control measures (sediment trapping and diversion) implemented since 1998. The project has shown how
relatively simple sediment control strategies can improve ecological quality and has provided information on long-term
faunal responses which can help managers plan the extent and timing of effective mitigation measures.
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1 Introduction

Sediment is an integral part of healthy, functioning river
ecosystems. A natural hydrological regime in conjunc-
tion with bed sediment and riparian vegetation con-
tribute to physical habitat diversity, creating a mosaic of
habitats which support a diverse range of biota. Spatial

heterogeneity is driven by periodic and random varia-
tions in discharge and sediment erosion and supply [1, 2].
When natural levels of sediment supply are exceeded, (in
particular, fine sediment; here defined as inorganic and
organic particles of less than 2 mm in diameter) both eco-
system processes and water resource management are
threatened. Globally, increased fine sediment loading to
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rivers has been mainly caused by agricultural intensifica-
tion [3-6], but mining and catchment disturbance [7-10],
deforestation [11], flow regulation [12] and urban devel-
opment [13] also contribute to the problem. Excess fine
sediment is now recognised as an ubiquitous and harmful
form of pollution causing ecological degradation of river
ecosystems [14, 15].

In the UK most excess fine sediment arises from agricul-
tural intensification [16-18]. The effects of increased sedi-
ment loading on benthic macroinvertebrates can include,
abrasion, clogging of interstitial spaces in the substratum,
burial, lowered oxygen concentration and changes to food
availability and quality [15]. The combination of effects
may lead to changes in the faunal composition with direct
and indirect consequences for food web structure.

Attempts to control these problems include several
measures and guidelines [19-22] designed initially to
prevent erosion of soil in the catchment and if this fails, to
intercept or divert sediment from entering water courses.
Despite numerous case studies from around the world
where different interventions have been applied to control
sediment, the authors are unaware of any published data
detailing long-term (>10 years) macroinvertebrate com-
munity change in sediment-managed catchments. There
are several long-term studies on other factors affecting
streams such as restoration [23], acidification [24], and
climate change [25-28] but sediment has generally been
overlooked. An exception is work in the Coweeta Catch-
ment [29] which reports on 30 years of observations but
with minimal reference to faunal community change.

In this study we use benthic macroinvertebrate com-
munity data to monitor the water quality and ecological
health of a sediment- impacted stream and its effect on
a receiving river. The original one-off survey in 1998 was
to establish the environmental quality of the two water
courses and assess whether sediment inputs were affect-
ing benthic fauna in the receiving river. Repeated monitor-
ing has over the past 19 years produced a record of com-
munity change in a stream where sediment inputs have
been managed, both in the upper catchment and in the
lower reaches of the stream. This unique long-term data-
set provides an opportunity to examine temporal trends
in macroinvertebrate faunal communities and assess the
effects of sediment control measures on these commu-
nities over an extended period. To this end we ask two
questions (1) Has sediment input affected the faunal com-
munity of the receiving stream? and (2) Have the sediment
control measures been effective over the 19-year period?
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2 Material and methods
2.1 Study area

In June 1916 Bovington Camp was established by the Brit-
ish Army as a training area for the Heavy Branch Machine
Gun Corps and subsequently became the location from
which most Tank Corps units were raised during the First
World War. Armoured vehicles have been used extensively
at Bovington since the conception of the first tank and the
area remains a main Army training area.

The majority of the Bovington tank training area is situ-
ated on elevated land at Wool Heath overlooking the River
Frome floodplain. Geologically the area is part of the Pal-
aeogene (Tertiary) Wareham Basin comprising sands, clays
and gravels originally covered by heathland vegetation,
now very eroded. The catchment area of the Bovington
Stream is about 6 km? of which about a third is heath-
land, where the tank training takes place. The remaining
two thirds comprise an urban section (the Army Camp)
and a wooded and pastoral region in the lower reaches of
the catchment. Streams draining the area have relatively
steep slopes (about 19 m per km) and water draining the
eroded catchment entrains sediment and clay from the
exposed stream bed which eventually flow into the Bov-
ington Stream and on into the River Frome; a chalk stream
draining an area of 660 km?.

Anecdotal evidence suggests that siltation in Bovington
Stream has been a problem since at least 1966 and despite
measures undertaken between 1985 and 1988 including
regular desilting of a check dam in the upper catchment
and diversion of water onto vegetated areas allowing
natural filtration to take place, the problem continued.
Subsequently, further management measures were under-
taken which included the construction of a tarmac track
for basic driving exercises which reduced pressure on the
heathland and a series of silt traps on feeders into the
stream. Following a severe sediment episode in 1994 [30],
the MOD embarked on a series of further management
measures including more check dams and silt traps in the
upper catchment, and the creation of a diversion channel
and pond which would, at times of high flow, divert the
majority of the water along a channel flowing into a newly
created wetland and settlement pond (Fig. 1).

As a result of these latter activities in the lower catch-
ment, an estimated 200-300 tons sediment were depos-
ited on the land adjacent to the stream within a 3-month
period (Environment Agency pers. comm). Despite this,
sediment transported by the stream at periods of high
flow still causes discolouration in the receiving waters
of the River Frome [31]. While this was readily appar-
ent, it was not clear what the effects were on benthic
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Fig.1 Sketch map showing location of the Bovington Stream
catchment and sample sites (triangles) together with the position
of check dams (filled squares) in the upper catchment

macroinvertebrates and in 1998 the MOD funded a pro-
ject, initially for one year, to monitor the effects of the new
diversion channel and other management measures on
the macroinvertebrate fauna of Bovington Stream and the
River Frome.

2.2 Sampling programme

After a preliminary survey, four sites were chosen above
(AD) and below (BD) the proposed construction of a diver-
sion pond and above (F4) and below (F5) the confluence
of the stream with the main River Frome (Fig. 1). At AD and
BD, the stream is about 2 m wide with a bed consisting of
sand overlain with an armour layer of gravel and pebbles
(Table 1). Dense shade prevents macrophyte develop-
ment in both sites. Bovington Stream flows into the lower
reaches of the River Frome about 40 km from its source. At
this point the river is about 12 m wide and supports dense
beds of macrophytes. Summary site features are provided
inTable 1.

Macroinvertebrate samples were collected in spring
(March—-May) and autumn (September-November)
between 1998 and 2016, using a standard 3-min kick/
sweep technique with a 900 um mesh pond net [32]. Sam-
ples were fixed in 5% formaldehyde solution and returned
to the laboratory where invertebrates were identified to
the lowest practicable taxonomic level. Oligochaeta were
identified as such, Sphaeriidae to genus, Chironomidae
to sub-family and tribe level and the remaining fauna to
species level where keys and life-history stage allowed.
Assessment of substratum conditions was carried out by
visual inspection and recording the percentage cover of
bedrock, boulders, pebbles and gravel, sand, silt and clay
and macrophyte cover [32].

2.3 Physicochemical variables

Width, depth and velocity were measured on each sam-
pling occasion at a quarter, half and three-quarter distance
along a transect across the channel in both Bovington
Stream and the River Frome. No continuous discharge data
were available for Bovington Stream; therefore the width,
depth and velocity measurements were used to calculate
spot estimates of discharge. Additional discharge data for
the Frome were obtained from the Environment Agency.
Chemical data were made available from the Environment
Agency [33] and from the Lowland Catchment Research
programme [34]. These data show that the Bovington
Stream is a nutrient poor, low alkalinity, circumneutral
heathland stream with a highly variable discharge regime
(0.01-0.19 m3 s7") and turbid waters (mean suspended
sediment concentration 47 mg I”"). The Frome in contrast
is a nutrient-rich, high alkalinity, chalk river with a more
stable discharge regime and low turbidity (mean sus-
pended sediment concentration 10 mg 1™").
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Table1 Mean values (+

standard deviation) of physical AD BD F4 P
features recorded at time of Altitude (m 0.D.) 18 16 15 15
el el o Slopemir 1 1o s 1
the River Frome (F4 and F5) Distance from source (km) 25 2.8 40 403
Width (m) 2.28+0.26 1.58+0.33 12.07 £2.08 11.31+£2.26
Depth (cm) 115 8+3 92+53 67+17
Velocity (category) 2.59+0.50 2.66+0.48 3.11£0.53 3.63+0.65
Boulders/cobbles (% cover) 13+12.42 17+18.21 3+5.28 7+9.09
Pebbles/gravel (% cover 68+14.95 63+23.87 68+23.87 74+16.68
Sand (%cover) 16+£9.18 13+£11.67 20+10.24 16+£9.87
Silt/clay (% cover) 3+3.47 7+10.19 9+11.5 3+6.96
Q (m3/s) 0.05+0.05 0.04+0.02 4.48+0.18 4,62+0.12
Suspended solids mg/I 75.31+£83.38 20.00+£28.10
Nitrate mg/I NO; 2.96+0.98 24.38+3.36
P SOL reactive mg/I P 0.04+0.02 0.09+0.03
Ammoniacal nitrogen mg/I N 0.08+0.03 0.07+0.03
pH value 7.57+0.15 8.16+0.14
Conductivity at 20 °C uS/cm 207.58+44.21 475.78+33.27
Alkalinity as CaCO4 58.97+11.45 197.29+22.72

Also shown are mean values of chemical data extracted from [30] for the period 2003-2005 (112 sam-
ples from the River Frome at East Stoke and 55 samples from the Bovington Stream just upstream of site

BD

2.4 Macroinvertebrate community analysis

We used the Mann Kendall test to identify monotonic
trends in macroinvertebrate abundance and taxon rich-
ness over time at each site [35]. Initial exploratory analy-
ses of the faunal community data to identify patterns
of change across sites and time were undertaken using
hierarchical clustering and non-metric multidimensional
scaling (NMDS) ordination based on a matrix of Bray-Cutis
similarity values calculated between all samples collected
at the four sites over the 19 years. Abundance data were
first normalised by fourth-root transformation to reduce
the influence of dominant species. Two samples taken in
2011 at the upstream River Frome site (F4) were omitted
from the analyses due to departure from the normal pro-
cessing protocol. The reliability of the NMDS is given by
the stress value which indicates how faithfully the rela-
tionships among samples are represented in the two-
dimensional ordination plot. Stress values <0.05 indicate
excellent representation but a value of <0.2 still gives a
potentially useful 2-D picture [36]. Analysis of Similarity
(ANOSIM) is a non-parametric permutation procedure
applied to the similarity matrix that computes a test sta-
tistic R that reflects the differences between groups of sites
relative to differences within groups of sites. It was used
to determine if any year groupings suggested by cluster
analysis were statistically different. R values give an abso-
lute measure of how separated the groups are on a scale
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of 0 (indistinguishable) to 1 (all similarities within groups
are less than any similarity between groups) [36]. The sig-
nificance of differences in abundance of taxa between year
groups was examined with Student t-tests.

Mann-Kendall tests were carried out using the Kendall
package [37]in R 3.6.1 [38]. Hierarchical clustering was car-
ried out using the Community Analysis Package (Pisces
Conservation Ltd). ANOSIM, and NMDS were performed
using Primer v 5 [36]. Correspondence Analysis (CCA) in
the analysis package ECOM Il (Pisces Conservation Ltd) was
used to examine the relationship between the biological
matrix and the suite of environmental variables at each
site.

2.5 Ecological quality assessment

In the UK, the ecological condition of watercourses is
determined by the regulatory authorities (The Environ-
ment Agency, Natural Resources Wales, the Scottish Envi-
ronment Protection Agency and the Northern Ireland
Environment Agency) using the River Invertebrate Clas-
sification Tool (RICT) [39]. RICT generates a prediction of
the macroinvertebrate community you would expect to
find at a site in the absence of any pollution. This can then
be compared with the fauna observed at the site being
assessed and the extent of difference between the pre-
dicted and observed fauna provides a measure of the
ecological condition of the site. The macroinvertebrate
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community is described in terms of the number of taxa
(NTaxa) observed in the sample, and the Average Score
Per Taxon (ASPT). The ASPT index gives a score for each
taxon related to its sensitivity to organic pollution (with
more sensitive taxa having higher scores). The average of
the scores for all taxa present at a site gives the final ASPT
index value. The assessment is based on the combined
data from a spring and autumn sample from a site in one
year. Observed scores for NTaxa and ASPT are divided by
RICT-predicted scores, giving an ecological quality ratio
(EQR). EQR ranges in value from 1 or greater than 1 (mean-
ing that the macroinvertebrate fauna found at a site has
reached or exceed expectations compared to reference
sites of high ecological quality), to close to zero, where
the observed fauna falls far below that expected of an
unstressed site of the same physical and chemical nature.
A further refinement is the banding of EQRs into five qual-
ity classes (High, Good, Moderate, Poor, Bad), allowing riv-
ers to be classified in a standard manner across the whole
of the UK. Water courses of moderate or worse quality are
considered to be failing on ecological quality and, hence,
requiring mitigation/management to improve ecological
status. A site’s overall classification is given by the lower of
the NTAXA and ASPT classes (Table 2).

2.6 Impact of fine sediment

In addition to the RICT assessment of ecological qual-
ity, all data from 1998 to 2016 were analysed using the
Combined Fine Sediment Index (CoFSl), which assesses
the impact of fine sediment pressure on the macroinver-
tebrate community [40]. The index assigns a score from 1
to 10 to taxa according to their sensitivity to the organic
content and quantity of fine sediment in the stream bed,
with highly sensitive taxa scoring 10 and highly tolerant
taxa scoring 1. The final CoFSl value for a site is, like ASPT,
the average of the scores for the taxa observed and can
vary from about 3.5-6 across sites in the UK, with higher
values indicating less fine sediment stress on the commu-
nity at that site (see [40] for more details).

Table 2 Ecological Quality Ratios of ASPT and NTaxa corresponding
to the five quality classes

EQR ASPT EQR NTaxa
High >0.97 >0.85
Good 0.86-0.97 0.71-0.85
Moderate 0.75-0.86 0.57-0.71
Poor 0.63-0.75 0.47-0.57
Bad <0.63 <0.47

3 Results
3.1 Benthic macroinvertebrates

A total of 218 taxa were recorded from the 138 samples
collected in spring and autumn over the period 1998 to
2016 with 111, 117, 159 and 157 taxa occurring respec-
tively at sites AD, BD, F4 and F5. The fauna in Bovington
Stream was dominated numerically by Oligochaeta (11%),
Potamopyrgus antipodarum (Mollusca) (33%), Gammarus
pulex (Crustacea) (16%) and Elmidae (Coleoptera) (17%)
which together comprised 77% of the total community
composition. In the Frome, Oligochaeta (27%), G. pulex
(24%), Orthocladiinae (Diptera) (11%) and Brachycentrus
subnubilus (6%), Ithytrichia, (1%) and Hydropsyche pellu-
cidula (1%) (all trichopterans), comprised 70% of the total
community composition. The number of taxa recorded
in the Bovington Stream over this period significantly
increased at both sites (AD: Kendall t=0.402, P=0.001, BD:
Kendall T=0.487, P=0.001). Over the same period there
was no statistically significant change in the numbers of
taxa recorded at the two Frome sites. Total abundance at
all sites also showed no statistically significant changes
over the study period (Fig. 2).

3.2 Community changes

The initial exploratory cluster analyses identified three dis-
tinct groupings for the Bovington Stream. These approxi-
mately six-year periods were superimposed on subse-
quent NMDS plots for all sites and the distinctness of the
groupings assessed using ANOSIM. The macroinvertebrate
community in both Bovington Stream sites showed a clear
temporal pattern with samples collected before 2005 (Year
Group 1) being differentiated from the others along the
first axis of the ordination plots (Fig. 3). At both Bovington
Stream sites, there was a weaker distinction between 2005
and 2010 samples (Year Group 2) and 2011-2016 samples
(Year Group 3), with the difference being defined primar-
ily along the second axis or a combination of both axes
(Fig. 3). For the Frome sites no such temporal separation
was apparent (Fig. 3).

There were significant differences between year group-
ings at both Bovington sites (Table 3). Subsequent pair-
wise tests showed that the greatest differences between
year groups occurred between the first and last periods,
and to a lesser extent between the first and second peri-
ods (Fig. 3; Table 3). The three-year groupings were barely
separable in the Frome sites although some taxa showed
significant differences in abundance between year groups
(Fig. 3; Table 3). However, inter-season differences (Spring
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Fig.2 The numbers of taxa and total abundance per sample in the Bovington Stream (AD and BD) and the River Frome (F4 and F5) together

with trend lines over the 19-year period

vs Autumn) were more pronounced in the Frome than in
the Bovington Stream (Table 3).

Taxa showing significant changes in abundance in Bov-
ington Stream between Year Groups 1 and 3 are listed in
Table 4. Differing abundances of 11 taxa were observed
between year groups and between sites. At site AD, Bae-
tis rhodani, Limnius volckmari, ElImis aenea and two caddis
species (Sericostoma personatum and Silo pallipes) were
more abundant in Year Group 3. At site BD, B. rhodani, E.
aenea, and S. pallipes were also more abundant in Year
Group 3 together with G. pulex, Hydropsyche siltalai and
Polycelis felina. At site AD, Ancylus fluviatilis and Hydropsy-
che angustipennis were more abundant in Year Group 1 as
was Asellus aquaticus at BD. Comparing Year Group 3 at
the two sites A. fluviatilis, G. pulex, L. volckmari, E. aenea,
B. rhodani and S. pallipes all were more abundant at BD.
(Appendix A lists taxa comprising >0.5% of the total
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fauna in the Bovington Stream and River Frome in all year
groups).

Six variables (width, depth, velocity, discharge, % cover
of sand and year of study) were used in a canonical corre-
spondence analysis, to examine the relationship between
variation in the biological community and environmental
conditions at each site. Most variance was explained by
‘year’ (15% and 16% in AD and BD and 7% and 19% in
F4 and F5, respectively). However, low eigenvalues for the
canonical axes indicate that the environmental variables
used in the analyses do not adequately explain community
structure. We have insufficient robust environmental data
collected at an adequate temporal resolution to be able to
attribute causes properly, directly and confidently to the
changes we find in Bovington Stream macroinvertebrate
community.
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Fig.3 Non-Metric-Multidimensional-Scaling analysis of benthic communities between year groups at sites on the Bovington Stream (AD

and BD) and River Frome (F4 and F5)

3.3 Ecological quality assessment

The two Frome sites have been consistently classed as
high quality throughout the study period (Fig. 4a), both
in terms of the EQRs for ASPT (Fig. 4b) and NTaxa (Fig. 4c).
This suggests that there is no discernible difference in
the ecological quality of sites immediately upstream and
downstream of the Bovington Stream confluence and that
the Bovington Stream is not having a marked impact on
the Frome.

For the Bovington Stream, there is evidence that both
sites have improved in ecological quality over the duration
of the study (Fig. 4a). In terms of the EQR for ASPT, sites
AD and BD tended towards the moderate quality class
from 1998 to 2001, but since 2002 they have been classed
consistently as good or high quality (Fig. 4b). The EQR for
NTaxa at sites AD and BD showed a similar improvement
in ecological quality by 2004, although the pattern was a
little more variable (Fig. 4c).

3.4 Impact of fine sediment

Throughout the study, the sites on the River Frome have
returned consistent CoFSl scores, fluctuating between

4.2 and 4.8 (Fig. 5), suggesting no directional change in
deposited sediment in the Frome over the study period. In
the early years of the study (1998-2000) sites AD and BD
returned relatively low CoFSlI scores (3.9-4.1) but, site AD
showed a steady increase in CoFSl scores until 2010-2011
and has maintained consistent CoFSlI scores of 4.4-4.5
since that time, suggesting a degree of improvement/
recovery from fine sediment pressure. Initial improve-
ments at BD appeared to peak around 2008 (4.5-4.6), after
which they have steadily declined to levels last seen in
2002-2003. BD no longer experiences high flows due to
the presence of the diversion pond and dam (Fig. 5).

4 Discussion
4.1 Fauna and quality assessment

The prime aim of this project was to determine whether
the outflow from the sediment-rich Bovington Stream was
affecting the quality of the receiving River Frome. We have
shown that over the 19-year period the environmental
quality, has improved in the Bovington Stream sites and
remained consistently ‘High'in the River Frome. During this
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Table 3 Results from ANOSIM analyses of between Year Group fau-
nal community differences at sites on the Bovington Stream (AD
and BD) and the River Frome (F4 and F5)

Site GlobalR  S% Yeargroups PairwiseR S%

AD 0.595 0.1 1-2 0.765 0.1
1-3 0.836 0.1
2-3 0.339 0.1

BD 0.618 0.1 1-2 0.789 0.1
1-3 0.88 0.1
2-3 0.346 0.1

ADvs BD 0.358 0.1 AD1-BD1 0.115 59
AD3-BD3 0.264 0.2
AD-BD 0.132 2

F4 0.325 0.1 1-2 0.199 0.7
1-3 0.365 0.1
2-3 0.431 0.1

F5 0.262 0.1 1-2 0.22 0.4
1-3 0.302 0.1
2-3 0.3 0.1

F4 vs F5 0.358 0.1 F41-F51 0.219 0.4
F43-F53 0.055 16
F4-F5 0.223 0.1

Inter season  GlobalR S %

AD 0.142 1.2

BD 0.06 8.3

F4 0.421 0.1

F5 0.368 0.1

Year Groups: 1 1998-2004; 2 2005-2010; 3 2011-2016; see text for
details

period, the MOD continued their maintenance of the sedi-
ment management structures in the catchment.

In Bovington Stream, the site AD only experienced silt
management activities in the upper catchment. However,
at site BD the stream was also influenced by the diversion
pond and dam which deflected high flows to a settlement
pond and wetland. Thus, the fauna at site BD experienced
lower discharges, and as evidenced by the need to desilt
the diversion pond on two occasions within the 19-year
period of study, a decrease in sediment being delivered
from upstream. Tocher [41] noted that during high dis-
charges in Bovington Stream the bulk of the sediment
load was funnelled into the diversion channel and thence
to the settlement pond. Frequently stream beds erode
below dams [42] but there was no evidence of this at site
BD and the channel and bed structure were unaltered in
the 19-year period.

The problems associated with sediment pollution in
many stream systems arising from agriculture, urbani-
sation, mining, and forestry are absent from Bovington
Stream. The disturbed catchment is not agricultural [43],
urbanised [44], mined or densely forested [11, 45] and
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Table4 Taxa showing significant differences in abundance
between year group 1 and year group 3 in the Bovington Stream
(AD and BD) and the River Frome (F4 and F5) together with taxa
showing significant differences in abundance between sites in year
group 3

Taxa AD1 AD3 P 2tail Result
Baetis rhodani 1.00 21.82 0.016 AD3>ADI1
Ancylus fluviatilis 43.73 1273  0.009 AD1>AD3
Hydropsyche angustipennis  52.18 6.45 0.037 AD1>AD3
Limnius volckmari 36.18 114.00 0.008 AD3>AD!1
Elmis aenea 245 80.64 0.003 AD3>ADI1
Sericostoma personatum 0.00 1.09 0.038 AD3>AD1
Silo pallipes 0.00 13.00 0.004 AD3>ADI1
AD3 BD3
Ancylus fluviatilis 12.73 37.00 0.052 AD3>BD3
Limnius volckmari 11400 212.00 0.003 AD3>BD3
Elmis aenea 80.64 185.91 0.045 AD3>BD3
Gammarus pulex 180.09 36545 0.004 AD3>BD3
BD1 BD3
Baetis rhodani 4.90 33.10 0.010 BD3>BD1
Elmis aenea 3.30 184.20 0.005 BD3>BD!1
Gammarus pulex 76.20 387.30 0.005 BD3>BD1
Hydropsyche siltalai 0.00 76.00 0.012 BD3>BD1
Polycelis felina 0.10 101.70 0.002 BD3>BD1
Silo pallipes 0.00 2260 0.010 BD3>BD1
F41 F43
Theodoxus fluviatilis 61.40 14,60 0.004 F41>F43
Oligochaeta 2132.80 552.60 0.007 F41>F43
Baetis rhodani 9.70 33.80 0.043 F43>F41
F51 F53
Baetis buceratus 25.17 6.08 0.008 F51>F53
Physa fontinalis 25.83 5.50 0.028 F51>F53
Athripsodes cinereus 7.00 13.00 0.036 F53>F51
F43 F53
Ancylus fluviatilis 2.50 2560 0.016 F53>F43
Athripsodes cinereus 47.80 1440 0.029 F43>F53

sediment carried by the stream is low in nutrients and
carries no pesticides. The disentanglement of excess
sediment impacts from these other land-use effects can
provide insights into the specific effects of fine sediment
accumulation [43]. It is likely therefore that in our study,
that the main effects of the sediment will be mechani-
cal damage during spates and clogging of interstitial
spaces in the substratum. Armitage and Blackburn [46]
compared the fauna of Bovington Stream with that of the
adjacent Holy Stream whose catchment was undisturbed
and found only one specimen of filter feeding Simuliidae
in the former stream. The composition of the suspended
sediment in Bovington Stream is mainly colloidal and clay
[41] and this is known to interfere with feeding in Sim-
uliidae [47, 48]. Within CoFSlI, Simuliidae taxa are scored
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Fig.4 (a) Overall classification of ecological status for all sites in all
years based on the lower of the NTAXA and ASPT classes. H=High,
G=Good, M=Moderate. Ecological Quality Ratios (EQRs) for (b)
ASPT and (c) NTaxa. The banding of the EQRs into quality classes is

as being sensitive or very sensitive to fine sediment [40].
Numbers of Simuliidae are still relatively low (1-2 larvae
per sample) but they now are consistently found at both
Bovington Stream sites, while before 2009 they were only

represented by dashed lines. Sites that fall below the ‘good’ quality
threshold (solid horizontal line) are deemed to be failing ecological
quality targets. No data available for 2000 or for 1998 at BD

intermittently recorded, suggesting an easing of sediment
pressure.

Despite the installation of the diversion pond and
channel between sites AD and BD, they had similar
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Fig.5 CoFSl scores of fine sediment impact for the Frome and Bovington study sites from 1998 to 2016. NB: no data available for 2000

communities both at the start and end of the study. How-
ever, there was an indication that abundances of some
taxa were greater below the diversion pond e.g. A. fluvia-
tilis, G. pulex, L. volckmari and E. aenea; all of which are tol-
erant of low organic content fine sediment in the stream
bed [40]. Overall abundance was not significantly different
between sites or year groups.

4.2 Sediment management

The CoFSl index employed in this study has shown that
the sediment management strategies have succeeded in
reducing fine sediment impacts to the Bovington Stream.
In a wider context CoFSI was developed from a calibra-
tion dataset of 230 sites across the England and Wales
selected to represent the full range from very high to very
low fine sediment pressure. This pressure gradient reflects
catchment geology, topography and land use [49], which
all have an impact on the load of fine sediment deliv-
ered to rivers. Across this calibration dataset, the CoFSlI
scores returned for individual sites varied between 3 and
6, with higher scores indicating very low pressure from
fine sediment, typically high gradient streams draining
upland catchments. Hence, the results for the Frome and
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Bovington sites, suggest some degree of fine sediment
deposition on the riverbed, which is inevitable for lowland
river catchments.

Particle size is the most important physical characteris-
tic in controlling the transport and geochemical dynam-
ics of suspended sediment. It is evident that although
the loading of coarse sediment has decreased at BD, the
absence of flushing flows has allowed fine sediment to
accumulate on the substratum and this may account for
the lower CoFSI scores recorded towards the end of the
study period. The observed differences between AD and
BD may be due to these perceived sediment differences
and their effects on the benthos but as Wood et al. [50]
noted, the response of individual taxa is very variable and
we need considerably more information on responses of
specific taxa.

The methods employed by the MOD to control the
mobilisation of sediment in the upper catchment have, as
indicated by the continued high quality of the Frome and
improvements in the Bovington Stream, been successful.
The original plan in the lower catchment was that high
flows exceeding the diversion channel’s capacity would
overflow thus depositing sediment in the surrounding
woodland. This solution was deemed unacceptable due
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to land-use issues and the diversion channel was there-
fore enlarged to accommodate high flows which run unim-
peded into the settlement pond, where sediment drops
out of suspension. Despite this missed opportunity to trap
sediment on the woodland floor our results have shown
significant improvements in the ecological quality of the
Bovington Stream. However, continued success depends
on the regular maintenance of dams, emptying of silt
ponds and regular inspection of silt traps in the catch-
ment. In addition, the pipes draining the Diversion Pond
should be cleaned out regularly to ensure sufficient flow
to maintain the benthic community at Site BD and further
downstream to the confluence with the R. Frome.

Despite the improvements in ecological quality there
is still a visual impact of sediment in the Frome. This is
because most of the sediment is clay and does not set-
tle out. This raises the issue of public perception of ‘pol-
lution’ versus actual impacts [51]. The Frome is a chalk
stream and usually associated with clear non turbid water
under normal flow conditions, so any discolouration is
very noticeable. Tocher [41] showed that the two clay
minerals (illite and kaolinite) characteristic of the upper
Bovington Stream sediment were absent from the Frome
bed sediment downstream of the confluence, thus indi-
cating no deposition. The settlement ponds were inef-
fective at removing the finer fractions of the suspended
sediment probably due to the very low velocities required
to keep clay-sized particles entrained and the relatively
small surface area of the main settlement pond (0.33 ha).
The inefficiency of the pond to remove suspended fines is
compounded by the check dams in the upper catchment
which act as a store of fine sediment. The required area of
a sedimentation basin can be calculated for a number of
typical pond or wetland shapes [52, 53] and Tocher [41]
calculated that the main settlement pond in the lower
catchment of the Bovington Stream should be 4.3 ha for
maximum removal of finer sediment and clays.

At the start of the study the most noticeable contributor
to discolouration of the River Frome was output from the
Bovington Stream [31]. However, at the end of the study, a
tributary about 600 m upstream of the Bovington/Frome
confluence, the River Win, which drains an agricultural
catchment [18] showed a greater visual impact than Bov-
ington Stream. This provides some additional evidence
that remediation measures in the Bovington catchment
are reducing sediment loading into the Frome.

4.3 Wider implications

Long-term ecological studies are critical for providing key
insights into environmental change, natural resource man-
agement and biodiversity conservation [54]. They have
particular relevance in problems associated with excess

sediment in rivers since those problems are associated
with catchment land-use and activities within a single
catchment may range widely over the years. Only a long-
term study will provide data and understanding of the
impacts at scales relevant to management. Early ecologists
recognised that the duration of a study may significantly
influence the conclusions drawn from it [55]. In our study
we were able to detect an initial response to the sedi-
ment remediation measures but repeated sampling over
the years showed that the initial positive response was
reduced slightly. In a shorter study this response would
not have been noted. Information like this can provide
useful feedback to managers. In addition, the long period
of sampling has provided information on the magnitude
of natural temporal change in the faunal community of
the River Frome at both sites above and below the inflow
of the Bovington Stream.

This combination of extended standardised monitoring
in conjunction with the use of an index of sediment stress,
we believe has wide applicability. Firstly, most of the sedi-
ment control strategies in the upper catchment are simple
and easily maintained. The most expensive element being
the construction of an all-weather track, an essential ele-
ment because unpaved roads/tracks are a major factor in
erosion and sediment generation in military training areas
[8]. Secondly, the simple and relatively inexpensive moni-
toring programme could be repeated without stretch-
ing limited budgets thus producing a long-term data set
for future applications. Thirdly, the information from the
faunal responses can help managers plan the timing and
extent of effective mitigation measures.

5 Conclusions

1. Significant community changes occurred in the Bov-
ington Stream but none in the Frome over the 19-year
period.

2. Most change in the Bovington Stream occurred in the
first six years with increases in taxon richness and Eco-
logical Quality.

3. We can be confident from our knowledge of the catch-
ment that there have been no substantial land-use
changes or extreme events which would impact the
river other than the sediment remediation work and
conclude that the observed ‘improvements’in the Bov-
ington Stream are in large part due to the sediment
control management undertaken by the Ministry of
Defence.

4. Discolouration of the receiving waters of the Frome
from suspended clay particles is still evident and an
enlargement of the wetland settlement pond is sug-
gested to ameliorate this problem.
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Appendix: Between year group abundances
with 95% confidence limits (CL) for taxa
contributing >0.5% to the total at each site

(a) Bovington Stream sites AD and BD

AD1 CL AD2 CL AD3 CL BD1 CL BD2 CL BD3 CL
Potamopyrgus 634 1417 603 345 519 386 548 353 146 146 257 227
antipodarum
Gammarus pulex 64 48 171 51 180 148 76 63 473 208 365 150
Oligochaeta 387 405 56 20 45 16 282 436 54 47 41 30
Limnius volckmari 45 23 102 31 114 48 127 122 250 111 212 58
Elmis aenea 2 2 76 36 81 39 3 2 248 106 186 86
Hydropsyche angusti- 49 34 26 1 6 2 49 32 93 46 15 7
pennis
Ancylus fluviatilis 40 17 15 1 13 7 55 41 40 27 37 22
Baetis rhodani 1 1 35 21 22 14 5 5 57 27 30 16
Polycelis felina 0 0 7 3 2 1 0 0 23 8 93 46
Hydropsychesiltalai 0 0 13 17 21 12 0 0 14 13 75 43
Nemoura avicularis 31 41 10 8 28 33 15 14 2 2 8 6
Silo pallipes 0 0 20 18 13 7 0 0 22 20 21 13
Asellus aquaticus 12 9 4 2 4 28 23 7 5 9 6
Ephemera danica 7 8 13 7 3 7 3 11 4 20 9
Orthocladiinae 16 15 4 3 2 10 8 12 9 15 12
Sphaeriidae 15 13 4 2 9 5 4 3 1 0 23 23
Dicranota sp. 3 4 19 14 10 6 2 4 1 5 8 3
Glossiphonia compla- 7 5 8 3 7 5 1 8 6 2 5 4
nata
Tanytarsini 2 3 0 0 5 4 6 23 33
Sericostoma perso- 0 0 8 6 4 11 5
natum
% contribution 97 96 96 97 97 95
(b) River Frome sites F4 and F5
F41 CL F42 CL F43 CL F51 CL F52 CL F53 CL
Oligochaeta 1874 857 584 357 553 299 402 273 250 196 505 232
Gammarus pulex 310 85 140 57 959 710 533 648 399 229 1396 567
Brachycentrus sub- 87 74 37 24 350 341 155 312 48 25 353 296
nubilus
Sphaeriidae 379 239 185 87 170 153 7 140 26 23 18 1
Orthocladiinae 48 34 30 24 126 128 47 117 30 20 147 124
Elmis aenea 19 7 18 7 90 78 45 71 45 28 203 151
Aphelocheirus aes- 102 43 56 26 57 27 59 24 43 29 41 23
tivalis
Chironomini 66 28 38 17 49 34 47 31 13 8 100 130
SN Applied Sciences

A SPRINGERNATURE journal



SN Applied Sciences (2020) 2:1913 | https://doi.org/10.1007/s42452-020-03736-5 Research Article

(b) River Frome sites F4 and F5

F41 CL F42 CL F43 CcL F51 CL F52 CL F53 CL

Limnius volckmari 14 7 9 5 26 23 85 21 35 19 99 58
Theodoxus fluviatilis 56 19 31 9 15 9 71 8 38 11 55 32
Ephemera danica 31 13 32 25 104 86 10 78 20 19 63 45
Baetis rhodani 9 5 16 18 34 20 25 19 42 14 76 54
Hydropsyche pel- 15 5 9 6 51 40 22 36 13 6 86 57

lucidula
Ithytrichia sp. 46 37 32 18 30 42 34 39 46 30 7 7
Athripsodes cinereus 36 18 37 15 48 26 7 24 19 12 13 10
Radix balthica 3 2 5 3 37 29 14 26 18 19 49 51
Heptagenia sulphurea 20 12 1 4 56 68 1 62 12 4 15 8
Baetis buceratus 17 8 10 6 7 6 25 6 44 28 6 3
Physa fontinalis 38 29 18 13 8 10 26 9 1 14 6 6
Potamopyrgus antipo- 3 4 1 1 6 5 7 5 2 3 75 128

darum
Bithynia tentaculata 20 15 28 1M 1 8 5 8 15 8 5 3
Simulium ornatum 4 3 10 18 6 5 28 5 17 7 13 12

group
Hydropsyche contu- 11 6 7 4 9 9 13 8 11 7 21 15

bernalis
Asellus aquaticus 9 6 14 1 11 8 10 7 20 27 9 5
Tanytarsini 13 12 5 4 38 56 5 51 1 1 8 10
Ostracoda 23 31 7 10 12 1 1 8 14 1 1
Ancylus fluviatilis 4 3 0 0 3 2 12 1 7 5 23 13
Hydropsychesiltalai 0 0 0 0 5 5 2 5 1 1 40 28
% contribution 94 89 93 91 88 94
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